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Magnetic-field- and pressure-induced quantum phase transition in CsFeCl3 proved via
magnetization measurements
Nobuyuki Kurita and Hidekazu Tanaka
Department of Physics, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan
(Dated: October 4, 2018)
We have performed magnetization measurements of the gapped quantum magnet CsFeCl3 at
temperatures (T ) down to 0.5K at ambient pressure and down to 1.8K at hydrostatic pressures (P )
of up to 1.5GPa. The lower-field (H) phase boundary of the field-induced ordered phase at ambient
pressure is found to follow the power-law behavior expressed by the formula HN(T )−Hc∝T
φ
N
. The
application of pressure extends the phase boundary to both a lower field and higher temperature.
Above the critical pressure Pc∼ 0.9GPa, the transition field HN associated with the excitation gap
becomes zero, and a signature of the magnetic phase transition is found in the T -dependence of
magnetization in a very low applied field. This suggests that CsFeCl3 exhibits a pressure-induced
magnetic phase transition at Pc.
PACS numbers: 75.10.Jm,73.43.Nq,75.30.Kz,74.62.Fj
I. INTRODUCTION
Over the past decade, gapped quantum spin systems
have attracted considerable attention owing to their vari-
ety of phase transitions. The gapped ground state is typi-
cally a spin-singlet with an excitation gap ∆ to the lowest
excited state. The complete suppression of ∆ by varying
external parameters often triggers a phase transition. In
particular, a quantum phase transition (QPT) which is
a continuous phase transition occurring at zero temper-
ature (T ) as a consequence of quantum fluctuations is
the fundamental subject that correlates condensed mat-
ter physics with particle physics [1, 2]. It is well estab-
lished that the transition point, commonly known as the
quantum critical point (QCP), can be accessed contin-
uously by applying a magnetic field (H) and/or hydro-
static pressure (P ). The field-induced QPT differs from
the pressure-induced QPT in terms of the universality
class of the QCP. For the former and latter QPTs, mag-
netic excitations have quadratic and linear dispersion re-
lations, respectively, at the QCP, where the excited mode
becomes gapless.
Recent intensive studies have shown that a field-
induced QPT to an XY antiferromagnetic (AF) phase can
be described in the context of the Bose–Einstein conden-
sation (BEC) of magnon quasiparticles [3–5]. The uniax-
ial symmetry around the applied field in the spin Hamil-
tonian [O(2)] is effectively translated into the conserva-
tion of the total number of particles [U(1)]. This concept
is useful for understanding a QPT from the standpoint
of a dilute Bose gas system. Experimentally, the magnon
BEC scenario has been examined using several gapped
quantum magnets [6–20]. However, the focus has mostly
been on systems with weakly coupled spin dimers such
as TlCuCl3 [6–10] and BaCuSi2O6 [11–15].
A pressure-induced QPT in quantum spin systems is
also of importance, particularly because it provides a rare
opportunity to directly identify the massive Higgs mode
separately from the massless Nambu–Goldstone mode.
The Higgs mode is a collective mode of amplitude os-
cillations of order parameters [2, 21–23]. A requirement
for observing the Higgs mode is shrinkage of the or-
dered moment in zero applied field, as realized in the
pressure-induced ordered phase. Thus far, to our knowl-
edge, TlCuCl3 [24–26] and KCuCl3 [27, 28] are the only
quantum magnets for which a pressure-induced QPT to
the ordered phase has been established. Recently, neu-
tron scattering experiments on TlCuCl3 have provided
evidence for the Higgs mode [26, 29].
The compound CsFeCl3 crystallizes in a hexagonal
structure, as shown in Fig. 1 [30], in which magnetic
Fe2+ ions are surrounded octahedrally by six Cl− ions.
In CsFeCl3, magnetic Fe
2+ ions that align along the c-
axis form ferromagnetic (FM) spin chains [31]. These
FM spin chains form a regular triangular lattice in the
basal ab-plane with weak AF interactions, as shown in
Fig. 1.
The low-temperature (LT) magnetic moment of Fe2+
in an octahedral environment is determined by the low-
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FIG. 1: (Color online) Crystal structure of CsFeCl3. Thin
solid lines denote the chemical unit cell. Double-headed solid
and dashed arrows are the intrachain and interchain exchange
interactions J0 and J1, respectively.
2est orbital triplet T2g [32]. This orbital triplet splits into
three singlet and six doublets owing to spin-orbit cou-
pling and the uniaxial crystal field, which are expressed
together as
H′ = −kλ(l · S)− δ
{
(lz)2 − 2/3
}
, (1)
where l is the effective angular momentum with l=1,
s is the true spin with S=2, and k (∼ 0.9) is the re-
duction factor, which expresses the fact that the matrix
elements of the angular momentum l are reduced owing
to the mixing of the p orbitals of the surrounding Cl−
with the 3d orbitals of Fe2+. When the temperature T
is much lower than the magnitude of the spin-orbit cou-
pling constant λ≃− 100 cm−1, i.e., T ≪|λ|/kB≃ 150K,
the magnetic property is determined by the lowest singlet
and doublet, which are given by m=0 and ±1, respec-
tively, with m= lz+Sz. When the FeCl6 octahedron is
trigonally elongated, as observed in CsFeCl3, the energy
of the m=0 state is lower than that of the m=±1 state.
Hence, using the effective spin s=1, the LT magnetic
properties of CsFeCl3 can be described by the Hamilto-
nian [32]
H =
∑
i
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z
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z
m) , (2)
where the first term is the single-ion anisotropy (D> 0)
corresponding to the energy difference between the
m=±1 and m=0 states, and the second and third
terms are the FM exchange interaction in the chain and
the AF exchange interaction in the ab-plane, respec-
tively. ∆ is the exchange anisotropy. The coupling
constants determined from the dispersion relations are
D/kB=25.3K, J0/kB=5.27K, and J1/kB=0.28K [33].
The anisotropy parameter ∆ is expected to be 0<∆< 1
because D> 0 [32]. However, its value is unclear.
CsFeCl3 has a gapped ground state [31, 33, 34] and
exhibits an AF ordering when a magnetic field is applied
along the hexagonal c-axis (H ‖ c) [35]. Unlike the case
of the spin dimer system, the gapped ground state origi-
nates from competition between the large easy-plane sin-
gle ion anisotropy D(sz)2 and the exchange interactions.
Field-induced AF ordering with H ‖ c has been con-
firmed in several experiments in fields between ∼ 4T and
∼ 11T at LTs below 2.6K [35–39]. Neutron scattering ex-
periments have revealed that the ground-state spin con-
figuration is probably a 120◦ structure with the wave
vector q≈ (1/3,1/3,0) characteristic of triangular-lattice
antiferromagnets [39]. The order parameter has been de-
duced to be perpendicular magnetization Mxy from the
temperature and field variations of Mxy, which appears
to be in accordance with magnon BEC theory [39, 40].
A useful feature for experimentally characterizing the
magnon BEC is the power-law behavior for the phase
boundary in the vicinity of T=0 and the cusplike mini-
mum of the magnetization at the ordering temperature
TN(H). Thus far, however, the magnetic phase diagram
of CsFeCl3 has not been established sufficiently. Interest-
ingly, a preliminary high-pressure magnetization study
on this compound suggests the occurrence of a pressure-
induced QPT [41].
In this paper, we present the results of magnetization
measurements of CsFeCl3 a temperatures down to 0.5K
at ambient pressure and down to 1.8K at high pressures.
The power law behavior for the lower-field phase bound-
ary of the field-induced ordered phase at ambient pres-
sure is discussed. With increasing pressure, the ordered
phase extends systematically towards both a lower-field
and higher-temperature. It is found that with increasing
pressure, the excitation gap ∆ decreases systematically
and appears to be zero at Pc∼ 0.9GPa. For P ≥Pc, mag-
netic ordering emerges in the a very low magnetic field.
II. EXPERIMENTAL DETAILS
Single crystals of CsFeCl3 were grown via the verti-
cal Bridgman method from a melt comprising a stoichio-
metric mixture of CsCl and FeCl2 sealed in an evacuated
quartz tube. The ingredients were dehydrated in vacuum
by heating at 80 – 150◦C for three days. The tempera-
ture at the center of the furnace was set at 640◦C and
the crystals were lowered at a rate of 3mm/hour. We
repeated the same procedure after the removal of impu-
rities and imperfect crystals. The single crystals obtained
were confirmed to be CsFeCl3 by X-ray diffraction.
The magnetization was measured down to 1.8K under
magnetic fields of up to 7T parallel to the c-axis using
a SQUID magnetometer (MPMS-XL, Quantum Design).
At ambient pressure, a 3He system (iHelium3, IQUAN-
TUM) was used for the measurement down to the lowest
temperature Tmin of 0.5K.
Magnetization measurements under hydrostatic pres-
sure were performed up to a pressure of 1.5GPa using
a clamped piston cylinder pressure device. Daphne 7373
(Idemitsu Kosan), which remains in the liquid state up
to ∼ 2GPa at room temperature [42], was used as a
pressure-transmitting medium. The pressure generated
in the sample space was calibrated at a low temperature
by the change in the superconducting transition temper-
ature Tc of tin under H = 10Oe. The narrow transi-
tion width remains almost unchanged up to the maxi-
mum pressure of 1.5GPa, indicating that the nonhydro-
static effect is negligibly small. The high-pressure mag-
netization data presented in this paper were corrected
to remove the background contribution of the pressure
device [43]. For the high-pressure experiments, we used
three pieces of single crystals from different batches and
confirmed no obvious sample dependence.
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FIG. 2: (Color online) (a) Magnetic susceptibility χ(=M/H)
vs T for CsFeCl3 at ambient pressure under several fields of
up to 7T for H ‖ c. (b) Low-temperature expanded view of
the χ(T ) data. Arrows indicate the transition temperature
TN, which is defined as the temperature with the peak in
dχ/dT (T ) as shown in the inset of (a).
III. RESULTS AND DISCUSSION
A. Ambient pressure magnetization
Figure 2(a) shows the temperature dependence of the
magnetic susceptibility χ(=M/H) of CsFeCl3 at ambi-
ent pressure under several fields of up to 7T for H ‖ c.
For the 0.1T data, χ(T ) exhibits a broad maximum
at approximately 12K with decreasing temperature, fol-
lowed by a rapid decrease toward zero. With increasing
field, the broad maximum shift to lower temperatures
while χ(T ) at LTs increases. As shown in Fig. 2(b),
χ(T ) decreases monotonically down to Tmin=0.5K un-
der fields of up to 3.8T, indicative of the gapped ground
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FIG. 3: (Color online) Magnetization curves M(H) of
CsFeCl3 for H ‖ c at ambient pressure and several temper-
atures. The M(H) data are shifted in the longitudinal di-
rection by 0.2µB/Fe
2+ with each increase in temperature for
clarity. The inset shows dM/dH(H) vs H at selected tem-
peratures. Arrows indicate the transition field HN.
state up to 3.8T. The finite magnetic susceptibility
of χVV≃ 0.02 emu/mol below 1K for H =0.1T is at-
tributed to the large temperature-independent Van Vleck
paramagnetism of Fe2+ in the octahedral environment,
as in the case of Co2+ [44]. At higher fields of above
3.8T, a magnetic phase transition appears as a cusplike
minimum in χ(T ), which is a characteristic of magnon
BEC [5]. We assign the transition temperature TN as
the temperature with the peak in dχ/dT (T ) as displayed
in the inset of Fig. 2(a). With increasing magnetic field,
TN increases as indicated by arrows. These results are
consistent with previous reports [35–39, 41] except that
we could only detect a single phase transition instead of
three successive phase transitions observed in a previous
specific heat study [35]. We do not yet have a plausible
explanation for the difference. Note that a single phase
transition was also observed in our specific heat measure-
ments, and that the TN values obtained by two different
methods in our studies are consistent with each other [45].
Figure 3 shows the field dependence of the magneti-
zation M(H) of CsFeCl3 for H ‖ c at ambient pressure
and several temperatures. The M(H) data are shifted
in the longitudinal direction by 0.2µB/Fe
2+ with each
increase in temperature for clarity. At 0.5K, M(H) ex-
hibits a clear kink-like anomaly at approximately 4T,
4which corresponds to a phase transition from the gapped
state to the AF ground state. This anomaly is more
clearly observed in the field derivative dM/dH(H) as
shown in the inset of Fig. 3. The transition field HN
is defined as the field where dM/dH(H) shows a peak-
or shoulder-like anomaly. With increasing temperature,
HN increases while the anomaly becomes broadened and
is no longer detectable at 2.6K. Below HN, M(H) ex-
hibits a continuous increase in spite of the gapped non-
magnetic ground state. This is mostly attributed to the
large Van Vleck paramagnetism arising from the crystal
field effect. A similar feature has also been found in the
isomorphic compound CsFeBr3, where the ground state
is gapped [46].
In Fig. 4(a), we illustrate the H −T phase diagram of
CsFeCl3 for H ‖ c at ambient pressure, determined from
magnetization measurements down to 0.5K. The high-
temperature data are in good agreement with the results
of a previous magnetization study [41], while three suc-
cessive phase transitions were reported in Ref. 35. The
dashed curve represents a fit to data using the power law
HN(T )−Hc∝T
φ
N with φ=1.7. The power law behav-
ior at low temperatures is more clearly observed in the
double logarithmic plot of the reduced field (H−Hc)/Hc
against T , as shown in Fig. 4(b). The solid line is a
fit to data with φ=1.7. This power law assumes a di-
lute boson limit and hence is only valid at sufficiently
low temperatures as compared with the energy scale of
boson interactions or AF couplings. We evaluated the
exponent φ from a best fit with the power law to the
data between Tmin=0.5K (fixed) and various tempera-
tures Tmax ranging from 1.6K to 2.6K. The critical field
Hc (HN at T =0), which is set to be free during fitting,
was obtained as 3.6 – 3.7T. The inset of Fig. 4(a) shows φ
as a function of Tmax. With decreasing Tmax, φ decreases
and tends to approach φBEC=1.5, the critical exponent
predicted for three-dimensional BEC [3–5], rather than
the value of 1.0 for two-dimensional BEC [47]. The over-
estimate of φ compared with φBEC=1.5 in this study
is probably because the temperature range employed for
the analysis was not sufficiently low. This is supported by
theoretical calculations demonstrating that, as the ana-
lyzed temperature range is reduced, φ decreases and con-
verges at φBEC=1.5 [48–51]. A similar feature has also
been found in several quantum spin systems. In TlCuCl3,
for instance, φ=2.0 – 2.2, obtained at temperatures of
above 1.8K [7, 8], was refined to 1.67 when the mea-
surement was performed down to the lower temperature
of 0.5K [52]. The φ value eventually converged to 1.5
according to the results of magnetization measurement
down to 77mK [10]. Note that φ=1.6 – 1.7 obtained
for CsFeCl3 in this study is consistent with the case of
TlCuCl3 using a similar lowest temperature. To more
accurately determine the critical exponent for CsFeCl3,
further experiments at lower temperatures are required.
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FIG. 4: (Color online) (a) H −T phase diagram of CsFeCl3
for H ‖ c at ambient pressure determined from magnetiza-
tion measurements. Circle and squares were obtained using
MPMS and iHelium3 instruments, respectively. Open and
solid symbols were determined from χ(T ) and M(H) data,
respectively. The dashed curve is a fit to the power law
H−HN∝T
φ
N
with φ=1.7. For comparison, data from Refs. 35
and 41 are also plotted. The inset shows φ vs Tmax, where
φ was evaluated using data between 0.5K (fixed) and several
values of Tmax. (b) Double logarithmic plot of the reduced
field (H − Hc)/Hc against T . The solid line is a fit with
φ=1.7.
B. High-pressure magnetization
Figure 5 shows the magnetic susceptibility χ (=M/H)
vs T for CsFeCl3 under 0.1T with H ‖ c at several pres-
sures. No significant changes can be observed in the over-
all features of χ(T ) up to 0.88GPa. This indicates that
the ground state remains gapped at P ≤ 0.88GPa. At
high pressures of above 0.94GPa, χ(T ) at LTs exhibits
minima that shift to higher temperatures with increas-
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FIG. 5: (Color online) (a) M/H vs T for CsFeCl3 with H ‖ c
under 0.1T at several pressures. The inset shows an expanded
view focusing on high pressure data at low temperatures.
ing pressure. The minimum of χ(T ) is attributable to a
magnetic phase transition because this behavior is sim-
ilar to χ(T ) at ambient pressure for H>Hc, as shown
in Fig. 2(b) Thus, the critical pressure Pc, where the
excitation gap is closed and the ordered ground state ap-
pears, is evaluated to be ∼ 0.9GPa under 0.1T. No obvi-
ous anomalies related to TN can be observed under 0.1T,
as opposed to the sharp peaks in dχ/dT under higher
fields. We hence assign the temperature exhibiting the
peak in dχ/dT as the transition temperature TN(0.1T)
for the pressure-induced ordered phase.
Figure 6 shows the χ(T ) data under several fields at
P =0.88GPa, 0.94GPa, 1.10GPa, and 1.21GPa. The
discontinuous behavior observed for the 0.01T data be-
low ∼ 3K is caused by the Meissner effect induced by a
superconducting transition of tin, which is included in the
sample space as a pressure manometer. TN for H ≥ 0.1T
systematically increases with increasing pressure. Note
that, as shown in Figs. 6(c) and (d), the minimum of
χ(T ) indicative of TN can also be found in the very low
field of 0.01T. In addition, TN under 0.01T appears to
increase with increasing pressure, similarly to the higher
field data. Consequently, we can deduce that the mag-
netic phase transition occurs in zero magnetic field at
1.10GPa.
Figures 7(a) and (b) show the M(H) and dM/dH(H)
data for CsFeCl3 with H ‖ c at 1.8K under several pres-
sures of up to 1.5GPa. With increasing pressure, HN,
defined by a peak or shoulder in dM/dH(H), decreases
although the peak becomes smeared [Fig. 7(a)]. No
obvious anomaly related to HN exists above 0.88GPa
[Fig. 7(b)]. Since HN is a measure of the ∆ value, the
present results indicate that the application of pressure
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FIG. 6: (Color online) (a) M/H vs T for CsFeCl3 with H ‖ c
under several fields at P = (a) 0.88 GPa, (b) 0.94 GPa, (c)
1.10GPa, and (d) 1.21 GPa. The M/H(T ) data under low
fields are shifted in the longitudinal direction for clarity.
continuously decreases ∆ up to 0.88GPa, above which
the excitation gap is completely closed and the ground
state is an AF ordered state. Note that, as indicated
by an arrow in Fig. 7(b), the shoulder-like behavior in
dM/dH(H) for high-pressure data around 4T evolves
to a cusplike peak with increasing pressure. The cusp-
like peak suggests a change in the spin structure in the
ab-plane, because spins are forced to lie in the ab-plane
owing to the large D term. A spin reorientation tran-
sition under hydrostatic pressure has been observed in
TlCuCl3 [24, 53]. This transition was interpreted to re-
sult from the fourth-order anisotropy, which becomes ef-
fective when the magnitude of the moment is large. To
clarify the magnetic-field induced transition in CsFeCl3
at high pressures, further experiments are necessary.
Figure 8(a) shows the pressure evolution of the lower-
field boundary of the ordered phase in CsFeCl3 for H ‖ c
at selected pressures, determined via magnetization mea-
surements. With increasing pressure, the phase bound-
ary systematically moves toward a higher-temperature
and lower-field. At Pc∼ 0.9GPa, the zero-field ground
state changes from a gapped state to a magnetically
ordered state. Note that the H −T phase diagram of
CsFeCl3 in the pressure-induced ordered phase at P ≥Pc
resembles that of the isomorphic compound RbFeCl3 at
ambient pressure [35]. RbFeCl3 exhibits magnetic order-
ing in zero field owing to the relatively large exchange
interactions as compared with the D term. Figure 8(b)
shows the pressure dependence of HN(T =1.8K) and
TN(H =0.1T). The dashed curve for the HN (∼∆) data
is a fit using the empirical formula (P −Pc)
α∝∆. The
exponent α was obtained to be 0.77. For comparison,
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FIG. 7: (Color online) Field dependence of M (left) and
dM/dH (right) for CsFeCl3 with H ‖ c at 1.8K for (a)
P ≤ 0.88GPa and (b) 0.88≤P ≤ 1.49 GPa. The data except
for dM/dH(H) in (a) are shifted arbitrarily in the longitudi-
nal direction for clarity. Arrows in (a) and (b) indicate HN
and a possible change in the spin structure, respectively.
α=0.33 has been reported for TlCuCl3 [25]. It is noted
that, as found at ambient pressure, the transition field
HN evaluated at 0.5K is smaller than that at the low-
est investigated temperature of 1.8K. This is probably
the main reason why the two parameters in Fig. 8(b)
appear not to converge a single critical point. Lower-
temperature measurements are necessary to more pre-
cisely determine the value of Pc.
The relationship between the excitation gap and ex-
change interactions in CsFeCl3 can be derived as
∆ =
√
D2 − 2D(2J0 + 3J1), (3)
within the mean field theory [46]. Using D/kB=25.3K,
J0/kB=5.27K, and J1/kB=0.28K determined at am-
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and a guide to the eyes, respectively.
bient pressure [33] and g‖=2.54 [54], we ob-
tain Hc=∆/g‖µB=4.73T, which is consistent with
Hc=3.6T evaluated in the present work. From Eq. (3),
it is deduced that in CsFeCl3, the application of pres-
sure enhances the ratio of exchange interactions to the
D term. At P =Pc where the ∆ value becomes zero, the
condition D=2(2J0+3J1) is satisfied. According to the
theoretical study in Ref. 40, theH −T phase boundary of
the ordered phase is determined only by the exchange in-
teractions. In addition, the temperature and field ranges
are expected to be enhanced with increasing exchange
interactions. These predictions are consistent with the
obtained experimental results for CsFeCl3.
In the isostructural compound CsFeBr3, the intra-
chain exchange interaction is AF, in contrast to that
7in CsFeCl3 [46]. In CsFeBr3, hydrostatic pressure in-
creases the transition field HN and decreases the transi-
tion temperature TN [55], which indicates that the AF
intrachain exchange interaction decreases with increas-
ing applied pressure. This result is interpreted as fol-
lows. Both AF and FM intrachain exchange paths are
present in CsFeBr3. The AF exchange interaction dom-
inates the FM exchange interaction, and the resultant
intrachain exchange interaction becomes AF. The FM
exchange component increases with increasing pressure,
thus, the resultant AF intrachain exchange decreases
with increasing applied pressure. The magnitude of the
AF exchange interaction J1 in the ab-plane increases with
increasing pressure because the lattice constant a de-
creases. However, the effect of the pressure evolution
of J1 on the pressure-induced magnetic ordering is not
considered to be dominant because J1 is an order of mag-
nitude smaller than the intrachain exchange interaction
J0. We therefore deduce that the primary effect of pres-
sure on this compound is to enhance the FM intrachain
exchange interaction J0. Assuming that the values of
D and J1 are unchanged under pressure, we estimate
that J0/kB=5.91K at the critical pressure Pc∼ 0.9 GPa,
which is 1.12 times the value of J0/kB=5.27K at ambi-
ent pressure [33].
IV. SUMMARY
We have carried out low-temperature and high-
pressure magnetization measurements on the gapped
quantum magnet CsFeCl3. At ambient pressure, the
H -T phase diagram was determined down to 0.5K.
The exponent φ for the phase boundary of the field-
induced ordered phase decreases upon decreasing the
analyzed temperature range. It appears that φ con-
verges to φBEC=1.5, the value predicted for three-
dimensional magnon BEC. With increasing pressure, the
phase boundary continuously extends to both a lower-
field and higher-temperature. The ground state was
found to change at Pc∼ 0.9GPa from a gapped state to
a magnetically ordered state in a very low applied field,
indicating a pressure-induced quantum phase transition
at Pc in CsFeCl3.
Microscopic experiments such as electron spin reso-
nance (ESR), nuclear magnetic resonance (NMR), and
neutron scattering measurements are of importance to
determine the zero-field spin structure in the pressure-
induced ordered phase and the pressure dependence of
the magnetic parameters. In the pressure-induced or-
dered phase of CsFeCl3, the massive Higgs mode might
be observed since the ordered moment is expected to be
reduced by competition between the D term and the ex-
change interactions.
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